.-We searched for evidence for a contribution of stem cells in growth of the proximal S3 segments of healthy rats. According to the stem cell model, stem cells are undifferentiated and slow cycling; the bulk of cycling cells are transit amplifying, rapidly cycling cells. We show the following. 1) By continuous application of a thymidine analog (ThA) for 7 days, S3 proximal epithelial cells in healthy kidneys display a high-cycling rate. 2) Slow-cycling cells, identified by lack of ThA uptake during 14 days of continuous ThA application up to death and by expression of the cell cycle protein Ki67 at death, have the same degree of differentiation as quiescent cells. 3) To detect rapidly cycling cells, rats were killed at various time points after injection of a ThA. Double immunofluorescence for ThA and a cell cycle marker was performed, with colocalization indicating successive divisions. During one week after division, daughter cells display a very low proliferation rate, indicating the absence of rapidly cycling cells. 4) Labeling with cyclin D1 showed that this low proliferation rate is due to cycle arrest. 5) More than 50% of the S3 cells entered the cell cycle 36 h after a potent proliferative stimulus (lead acetate injection). We conclude that generation of new cells in the proximal tubule relies on division of differentiated, normally slow-cycling cells. These may rapidly enter the cycle under an adequate stimulus.
THE GENERATION OF DIFFERENTIATED CELLS is evident during growth in all tissues. It persists at a reduced rate in adulthood to compensate for cell death and, when required, to ensure functional adaptation. Whereas production of differentiated cells from progenitors obviously takes place during fetal development, the origin of differentiated cells after completion of ontogenesis has been described in detail only in a few tissues. As far as the kidney is concerned the picture is fragmentary. Most studies on the origin of new tubular epithelial cells in the kidney deal with the repair from tubular necrosis. There is evidence that surviving epithelial cells have the capacity to proliferate after dedifferentiation (3, 6, 9, 10, 13, 16, 17, 27) . Other data suggest that renal stem cells, identified by their ability to retain (5-bromo-2Ј-deoxyuridine) BrdU (15, 20) and bone marrow-derived stem cells (7, 8, 11, 13, 18, 19, 23) contribute to epithelial regeneration.
By definition, stem cells are self-renewing, slow-cycling, undifferentiated cells, with the potential to produce more than one type of differentiated cell. A division of a stem cell produces one stem cell (self-renewal) and one transit-amplifying (TA) cell (1) . TA cells are rapidly cycling progenitors, which means that there is no phase of quiescence between successive cell cycles (1) . In various epithelial cell types, the cycling time of TA cells does not exceed 72 h in vivo (12) .
After a few divisions of TA cells, the progeny become quiescent and differentiated. Such systems have been described in some epithelia (12, 21) .
In a previous study we examined cell proliferation in the healthy kidney of young rats (26) . Compared with models of tubular necrosis, this approach has the advantage that tubular cells display their normal, well-known phenotype. We reasoned that if cell proliferation is based on stem cells, then the dividing progenitors, i.e., the stem cells and the TA cells, should be less differentiated than the bulk of tubular cells. However, cycling cells did not display a lower degree of differentiation than their noncycling neighbors. This finding does not rule out the presence of a stem cell system. Indeed, stem cells might have been overlooked because of their low incidence and TA cells might already reach a substantial level of differentiation in the first generation.
In the present study we searched for evidence of a tubular stem cell system by examining the level of differentiation of slow-cycling cells and by attempting to detect rapidly cycling tubular cells. Growing rats were investigated because they display much higher rates of cell proliferation than grown-up rats. The focus was on the S3 segment of the proximal tubule, since in preliminary studies it showed the highest rate of proliferation in the healthy kidney and since it is particularly susceptible to acute tubular necrosis. We could not detect a population of rapidly cycling cells. In addition, slow-cycling cells were differentiated. Thus, in the S3 segment of the proximal tubule, the pattern of cell proliferation fails to display characteristic features of a stem cell system.
MATERIALS AND METHODS
We used juvenile male Wistar rats. Unless otherwise stated they were 4 -5 wk old (110 -140 g body weight). They were fed a standard laboratory diet and drank tap water ad libitum. The experimental protocol was approved by the Cantonal Veterinary Office of Zurich.
Experimental Protocol
Experiment 1: Continuous infusion of BrdU for 1 wk. See the schematic in Fig. 1 . Osmotic pumps (type 2ML1; Alzet, Cupertino, CA) loaded with 2 ml of 10 mg/ml 5-bromo-2Ј-deoxyuridine (BrdU) (Sigma, St. Louis, MO) in 0.9% NaCl were implanted into 7 rats under light diethyl ether anesthesia between 2:00 PM and 2:30 PM. The osmotic pumps release 10 l of the solution per hour over 1 wk.
One week after implantation, the rats were perfusion-fixed between 9 AM and 11 AM, while the pumps were still operating.
Experiment 2: Continuous infusion of BrdU for 2 wk. See the schematic in Fig. 1 . The same protocol as in experiment 1 was applied to 3 rats but the pumps were replaced after 7 days to extend the period of infusion to 2 wk.
Experiment 3: Sequential administration of single doses of CldU and IdU. See the schematic in Fig. 1 . The thymidine analogs 5-chloro-2Ј-deoxyuridine (CldU) and 5-iodo-2Ј-deoxyuridine (IdU) can be detected separately in the chromatin by immunofluorescence (see below). Eight rats received 25 mg/kg CldU (Sigma) subcutaneously in isotonic saline. They were then divided into 4 pairs which received 25 mg/kg IdU (Sigma) 15, 20, 26 or 32 h after injection of CldU. All rats were perfusion-fixed 2 h after IdU administration, between 1 PM and 4:30 PM.
Experiment 4: Administration of BrdU on days 1 and 2, perfusion on days 4, 6, 8, and 14 . Twelve rats were injected subcutaneously with 10 mg/kg body weight of BrdU on days 1 and 2 at 7 AM and 7 PM Between 9 AM and 11 AM on days 4, 6, 8 , and 14, three rats were perfusion-fixed.
Experiment 5: Lead(II)-acetate treatment. We used 7-wk-old rats (210 -230 g body wt). 190 mg of C 4H6O4Pb⅐3 H2O (Merck, Darmstadt, Germany) was dissolved in 20 ml distilled H2O and administered intravenously to 3 animals at 3.8 mg/100 g body weight. Three control animals received the corresponding volume of isotonic saline. The rats were perfusion-fixed between 9 AM and 11 AM, 36 h after administration of treatments.
Fixation and Tissue Treatment
The rats were anesthetized by an intraperitoneal injection of pentobarbital (100 mg/kg body wt) and fixed by vascular perfusion (5) . The fixative contained 3% paraformaldehyde (PFA), 0.01% glutardialdehyde (GA), and 0.5% picric acid, dissolved in a 3:2 mixture of 0.1 M cacodylate buffer (pH 7.4, added with sucrose, final osmolality 300 mosmol/kgH 2O) and 4% hydroxyl ethyl starch (HES; Fresenius Kabi, Bad Homburg, Germany) in 0.9% NaCl. The kidneys were fixed for 5 min, and then rinsed by vascular perfusion with 0.1 M cacodylate buffer for 5 min.
Antibodies
The following antibodies were rabbit polyclonals: anti-proliferating cell nuclear antigen (PCNA) (Delta Biolabs, Campbell, CA); anti-Ki67 (Novocastra Laboratories, Newcastle, UK); anti-XT2 [orphan transporter localized in the brush-border (22)] (gift from Dr. F. Verrey, Institute of Physiology, University of Zurich). Anti-cyclin D1 was a rabbit monoclonal antibody (clone SP4; NeoMarkers, Fremont, CA).
The following antibodies were mouse monoclonals: anti-BrdU (clone 3D4; BD Biosciences Pharmingen, San Diego, CA), anti-BrdU (clone B44; BD Biosciences), anti-Na ϩ -K ϩ -ATPase (clone C464.6; Upstate Biotechnology, Lake Placid, NY).
The anti-BrdU clone BU1/75 (ICR1) (ab6326; Abcam, Cambridge, UK) was a rat monoclonal.
Immunofluorescence
Two-millimeter-thick slices of fixed kidney were frozen in liquid propane cooled down to the temperature of liquid nitrogen and cut into 4-m-thick cryostat sections. Sections were thawed on slides and microwaved for 10 min in 0.01 M citrate buffer at pH 6.0. After pretreatment for 1 h in 5% normal goat serum in phosphate-buffered saline (PBS), the sections were incubated overnight in a humidified chamber at 4°C with the primary antibodies, diluted in PBS supplemented with 1% bovine serum albumin.
To visualize consecutive divisions, the thymidine analogs CldU and IdU were injected one after the other at various time intervals. For the independent detection of CldU and IdU, a procedure was adapted from a published protocol (2) . The rat antibody BU1/75 binds to CldU but not to IdU, whereas the mouse antibody B44 binds strongly to IdU but only weakly to CldU. Sections were first incubated overnight with both antibodies (rat anti-BrdU, 1:1,000; mouse anti-BrdU, 1:200). They were then washed twice for 10 min in 36 mM Tris buffer, pH 8, containing 0.5 M NaCl and 0.5% Tween-20 at room temperature to displace the mouse anti-BrdU antibody from CldU. After 10 min wash in PBS, the sections were re-incubated with rat anti-BrdU for 1 h at room temperature to label CldU.
Binding sites of the primary antibodies were revealed with Cy3-conjugated, goat anti-rabbit IgG (red), a fluorescein isothiocyanate (FITC)-conjugated, goat anti-rat IgG and FITC (green)-or Cy5-conjugated goat anti-mouse IgG (blue). Antibodies with minimal cross-reactivity to other secondary antibody species were employed (Jackson ImmunoResearch Laboratories, West Grove, PA). For nuclear staining, 4Ј,6-diamidino-2-phenylindole (DAPI; Sigma) was added to the working dilution of the secondary antibodies. Multiple labeling was performed using cocktails of primary antibodies and the respective secondary antibodies. Controls without primary antibodies were negative. The sections were coverslipped using DAKO-Glycergel (Dakopatts), to which 2.5% 1,4-diazabicyclo[2,2,2]octane (DABCO; Sigma) was added as fading retardant.
Fluorescent-labeled specimens were examined using a confocal laser-scanning microscope (CLSM SP2; Leica, Mannheim, Germany) or a Polyvar microscope (Reichert Jung, Vienna, Austria). 
Quantitative Evaluation of Nuclear Labeling
By using the nuclear DNA labeling of DAPI, the outer stripe was located, and micrographs were made randomly using the ϫ40 magnification of the laser-scanning microscope. The surface area of tissue on each micrograph was 375 m 2 . The proximal tubule was identified by the brush border, detectable in background fluorescence.
Nuclei of proximal epithelial cells positive for BrdU, CldU, IdU, PCNA, or Ki67 were counted on the whole micrographs. Because of the large numbers of DAPI-and of cyclin D1-positive cells, these were evaluated in a uniform random systematic sample (10% sampling fraction) of the area of the micrograph.
Statistical analysis of the data was performed with the GraphPad Prism software (GraphPad Software, San Diego, CA). Differences were considered significant if P was less than 0.05 in Student's t-test for unpaired samples. All data are given as means Ϯ SD.
RESULTS

High Rate of Proliferation in the Segment S3 in Growing Rats
With experiment 1 we wanted to assess DNA synthesis, as an indicator for cell proliferation, in the healthy kidney of young rats. We used the thymidine analog BrdU as a tool for detection of DNA synthesis. BrdU is incorporated into DNA during S phase of the cell cycle and is detectable in the cell nuclei by immunofluorescence. Thus all cells that had gone through S phase during the treatment period are revealed by nuclear BrdU staining.
We applied BrdU continuously for 7 days up to perfusionfixation of the kidneys. The incidence of BrdU-positive nuclei was much higher in the medullary rays of the cortex and in the outer stripe of the medulla than in other zones (Fig. 2) . The majority of BrdU-positive cells were found in the S3 segment of the proximal tubule, in which 46.1 Ϯ 6.3% (n ϭ 7) of the cells were labeled.
The segment S3 therefore appeared to be particularly appropriate for the study of cell proliferation in the nephron.
Slow-Cycling Cells are Differentiated
The aim of experiment 2 was to detect slow-cycling cells and to determine their level of differentiation. According to the classical paradigm of adult stem cells, dividing cells are either slowly cycling stem cells or rapidly cycling TA cells. By definition the former are undifferentiated and they become transiently cycle arrested after a division, whereas the latter undergo several successive cycles (1). In our previous study on the morphology of dividing cells in the S3 segment of the proximal tubule, we did not attempt to discriminate between these two populations (26) . Therefore, we may have examined mainly TA cells and may have missed slow cycling cells.
The experimental protocol was similar to that used in experiment 1, with the continuous BrdU application period being extended to 14 days. The rationale was as follows: with assumed cycling times ranging from 1-3 days in different epithelia (13) , the rapidly cycling TA cells should all have gone through the cell cycle at least once during 14 days, and therefore, they should all be labeled with BrdU. In contrast, cells that did not pass the S phase during this period should be BrdU-negative. A BrdU-negative cell expressing the proliferation marker Ki67 (24) would necessarily be a slowly cycling cell. After 14 days of continuous BrdU infusion, 64.6 Ϯ 1.9% (n ϭ 3) of cells in S3 were BrdU-positive. Since BrdU was applied up to the time of perfusion, the Ki67-positive cells in the S, G 2 , or M phase were necessarily BrdU-positive. All Ki67-positive/BrdU-negative cells displayed a low immunoreactivity for Ki67. This suggests that they were in the late G 1 , when upregulation of Ki67 is starting. We examined the Ki67-positive/BrdU-negative cells for the presence of Na (Fig. 3) . Both transport proteins were similarly abundant in Ki67-positive/BrdU-negative cells as in neighboring tubular cells. We also examined the proximal tubule in the cortical labyrinth, which contains the segments S1 and S2. Fifteen Ki67-positive/BrdU-negative cells were found, all displaying immunoreactivity for Na ϩ -K ϩ -ATPase and XT2 (data not shown). Therefore, slow-cycling cells in the proximal tubule are differentiated.
Absence of Rapidly Cycling Cells in the S3 Segment
Next we wanted to assess whether the bulk of dividing proximal tubule cells are rapidly cycling cells, as predicted in a stem cell system (1). In experiment 3, the animals were injected once with the thymidine analog CldU and at given time intervals with a second analog, IdU. Two hours after the IdU injection, the animals were perfusion-fixed. Both thymidine analogs can be detected separately using immunofluorescence. As an endogenous marker for the S phase we used PCNA, which is highly expressed at the end of G 1 and in the S phase. If a cell was in the S phase at the time of CldU application and its daughter cells in the S phase at the time of IdU application, then the latter would be double-positive for CldU and IdU and also for CldU and PCNA.
Eight rats received CldU. After 15, 20, 26, and 32 h, two rats were injected with IdU respectively, and perfusion-fixed 2 h later (17, 22, 28 , and 34 h after CldU injection). Triple immunofluorescence for CldU, IdU, and PCNA, and DNA staining with DAPI was performed. With that protocol it should be possible to obtain an approximation of the cycling time in S3, provided that it does not exceed 40 h (34 h plus one S phase). A preliminary experiment in which the two thymidine analogs were injected separately in different rats revealed the specificity of detection of the analogs. There was no immunoreactivity for CldU in kidneys of rats that received IdU, and conversely, there was no immunoreactivity for IdU in rats that received CldU. Micrographs were evaluated until at least 40 PCNA-positive cells per rat in the S3 segment were collected. In a total of 25,830 cells (DAPI) in the eight rats 518 PCNA-positive cells (2.1 Ϯ 0.6%), 867 CldU-positive cells (3.3 Ϯ 0.9%), and 455 IdU-positive cells (1.8 Ϯ 0.9%) cells were encountered. Of the 867 CldU-positive cells, none showed immunoreactivity for PCNA or IdU (Fig. 4) . Because the CldU labeled cells did not enter a second S phase during the observation frame, the cycling time in the segment S3 is longer than 40 h.
Under the experimental conditions of this study, PCNA is a reliable marker of the S phase, since 79.6 Ϯ 5.4% of the PCNA-positive cells were IdU-positive, and 86.2 Ϯ 8.4% of IdU-positive cells were PCNA-positive. The PCNA-positive/ IdU-negative cells were probably at the G 1 /S transition, when PCNA has been upregulated but synthesis of DNA has not yet started. The PCNA-negative/IdU-positive cells were likely those which transited from S to G 2 in the 2 h between injection of IdU and perfusion of the kidneys.
Since we did not detect consecutive S phases in the previous experiment we broadened the time frame of observation (experiment 4). BrdU was applied on days 1 and 2 and the kidneys were perfused on days 4, 6, 8 and 14. The aim of this experiment was to compare the proliferation rate in the population of cells that had been in the S phase at any time during days 1 and 2 (BrdU-positive) with the proliferation rate in the remaining cells (BrdU-negative). Because it was found in the previous experiment that PCNA reliably labeled cells in the S phase, we omitted the injection of a second thymidine analog before perfusion. The BrdU-positive cells in the S3 segment ranged from 5.7 Ϯ 0.9% to 8.4 Ϯ 0.9% with no statistically significant difference of incidence between time points. Micrographs were evaluated until at least 40 PCNA-positive cells per rat were sampled. On days 4, 6, and 8, i.e., about 1.5, 3.5, and 5.5 days after the last injection of BrdU, the incidence of PCNA-positive cells was significantly higher (P Ͻ 0.05) in the BrdU-negative population than in the BrdU-positive population. At least 180 BrdU-positive cells per rat were counted and only one BrdU/PCNA double positive cell was found in one of the three rats at each of these time points, indicating a very low rate of repetitive divisions during the first 8 days. On day 14 a substantial number of BrdU-positive cells expressed PCNA, with no statistically significant difference in the incidence of PCNA-positive cells in the BrdU-positive and BrdU-negative cell populations (Fig. 5A) .
The data of experiments 3 and 4 taken together suggest that after division the daughter cells display a very low proliferation rate for at least one week.S3
Cells Become Cycle-Arrested after Division
To test if the absence of rapidly cycling cells is due to a very slow progression through G 1 or to cycle arrest after mitosis, we examined the immunoreactivity for cyclin D1, which is not expressed in cycle-arrested cells. Rats at days 4 and 14 in experiment 4 were evaluated for cyclin D1 and BrdU. At least 600 cyclin D1-positive and 150 BrdU-positive cells per animal and time point were evaluated. At day 4, 94.7 Ϯ 4% of BrdU-positive cells were negative for cyclin D1, suggesting cycle arrest (Fig. 6 ). This is significantly higher than the 68.5 Ϯ 3.4% cyclin D1-negative cells in the BrdU-negative population. The level of immunofluorescence for cyclin D1 was distinctly lower in BrdU-positive cells than in the average population, suggesting that BrdU-positive/cyclin D1-positive cells were at an early stage of G 1 . Analogously to PCNA (Fig.  5A) , the frequency of cyclin D1 in the BrdU-positive and -negative populations converged on day 14 (Fig. 5B) .
These data show that after one division the cells in S3 become transiently cycle-arrested for about one week.
Half of the Cells in S3 Enter the Cell Cycle after a Strong Mitotic Stimulus
Since data collected in physiological growth were not suggestive of a stem cell system, we decided to investigate cycling under a potent proliferation stimulus. Lead salts induce the proliferation of proximal tubular cells without inducing tubular necrosis (4), possibly via activation of the mitogen-activated protein kinase pathway (14) . Lead acetate was administered to three rats (experiment 5). Thirty-six hours after injection, 52.6 Ϯ 15.9% of cells in the S3 segment were Ki67-positive, compared with 2.7 Ϯ 1.1% in control animals. Thus roughly half of the tubular cells in S3 are able to enter the cell cycle within 36 h of stimulation. Mitotic figures were frequently observed in the treated rats (Fig. 7) , whereas they were scarce in the controls.
These data indicate that at least half of S3 cells can rapidly enter the cycle and undergo mitosis upon a strong proliferative stimulus.
DISCUSSION
In this study we examined whether cell proliferation in the S3 segment of the proximal tubule relies on stem cells and on TA cells, according to a model that appears to operate in various epithelia (12, 21) . In that model, the majority of cycling cells at any time are TA cells. By definition stem cells are less differentiated than the bulk of the cells in the tissue considered and they are slow-cycling, i.e., they become transiently quiescent after one division (1). In contrast, TA cells rapidly go through a few cycles before they become permanently quiescent and fully differentiated (1) .
BrdU was applied continuously for 14 days to identify slow-cycling cells, and thus putative stem cells, in the S3 segment of the proximal tubule. In various epithelia in healthy adult rodents, the duration of a cycle in the TA cell population varies between 18 h and 72 h (12) . Therefore, at the end of the BrdU application period of 14 days, all rapidly cycling cells should be BrdU-positive, and consequently BrdU-negative cycling cells (Ki67-positive) are slow-cycling. Since Ki67-positive/BrdU-negative cells expressed Na ϩ -K ϩ -ATPase and the brush border transporter XT2 they were differentiated. Therefore, they can hardly represent stem cells.
To test for the presence of rapidly cycling cells and thus of a TA cell population, we labeled cells in the S phase with a thymidine analog. If cell proliferation in S3 relied on rapidly cycling cells, then the labeled cell population should display a much higher rate of cycling (expression of PCNA) during the few days after application of the analog compared with the unlabeled cell population. The inverse pattern was found. Indeed, during a period of at least one week after application of the thymidine analog, the labeled cells displayed a markedly lower rate of cycling than the nonlabeled cells. While these data do not allow an evaluation of the cycling time, they suggest that cell proliferation in the S3 segment does not involve a population of rapidly cycling cells.
Data with cyclin D1 further support the conclusion that dividing cells in the S3 segment are not rapidly cycling. Indeed, on the fourth day after the start of BrdU application, cyclin D1 was detected in 41.5% of all cells in S3 but only in about 5.3% of the BrdU-positive cells, and here at conspicuously low levels of immunoreactivity. Absence of cyclin D1 is a characteristic feature of cycle arrest (25) . In rapidly cycling cells, cyclin D1 is expressed throughout G 2 , M, and G 1 and it is undetectable only in the S phase. In contrast, in slow-cycling cells cyclin D1 is undetectable in S, G 2 , and M and in the period of cycle arrest (G 0 ). Upregulation occurs when the cell resumes progression in G 1 . Cells in S3 do not remain indefinitely quiescent after one division, since 14 days after injection of BrdU the incidence of PCNA-positive cells and of cyclin D1-positive cells was similar in the BrdU-positive population as in the BrdU-negative population.
The failure to detect a rapidly cycling TA cell population does not definitively exclude the presence of stem cells. Indeed, in the healthy tubule the division of a stem cell might directly yield a quiescent differentiated cell, and TA cells might be produced only when an accelerated rate of generation of new cells is needed. If so, the 46% BrdU-positive cells after 1 wk of continuous application of BrdU in experiment 1 would be daughters of stem cells, suggesting that more than 20% of cells in S3 are stem cells. Likewise, the data of experiment 5 are explainable in the context of a stem cell system only if an extremely large fraction of cells were stem cells. Thirty-six hours after injection of lead acetate, mitotic figures were widespread in S3, and 52.6% of the cells in this segment expressed Ki67. These data suggest that the proliferation potential in S3 is not limited to a small population of stem cells.
The data in the present study suggest the following model. In the S3 segment of the proximal tubule, all tubular cells have an equal potential to enter the cell cycle. After mitosis daughter cells are cycle-arrested for a period of about 1 wk on average, after which they can again progress in the G 1 phase. The presence of a large fraction of cells progressing in G 1 might allow, when required, a very rapid increase in cell division.
